Graphical Abstract Highlights d g-neurexin, which lacks canonical extracellular domains, promotes synapse assembly d g-neurexin functions in parallel with Frizzled to promote synapse formation d Wnt eliminates synapses via Frizzled endocytosis and neurexin downregulation In Brief Kurshan et al. show that a short version of the cell-adhesion molecule neurexin that lacks canonical extracellular domains can nonetheless drive presynaptic assembly. It functions in parallel with the Wnt receptor Frizzled. Wnt eliminates synapses via Frizzled endocytosis and neurexin downregulation.
INTRODUCTION
The formation of complex neuronal circuits is mediated by the recognition of correct synaptic partners followed by the assembly of the appropriate number and type of synapses. Synaptic cell adhesion molecules have been proposed to initiate this process and determine the specificity of synaptic connections (Bukalo and Dityatev, 2012; Siddiqui and Craig, 2011; Yogev and Shen, 2014) . However, redundancy both within and between the different adhesion systems has complicated attempts to determine the precise role of specific molecules involved in mediating pre-and postsynaptic assembly. In mammals, the synaptic cell adhesion protein neurexin is alternatively spliced into thousands of isoforms that are differentially expressed throughout brain (Ullrich et al., 1995; Ushkaryov and S€ udhof, 1993) and may function as a trans-synaptic ''hub'' by binding a host of postsynaptic partners (S€ udhof, 2017) . Understanding the extent to which neurexin contributes to synapse assembly in vivo is particularly salient as mutations in neurexin have been linked to several neuropsychiatric disorders, including schizophrenia, autism, intellectual disability, and Tourette's syndrome (S€ udhof, 2008, 2017) .
The synaptogenic activity of neurexin and its canonical binding partner neuroligin was initially demonstrated by showing that their reciprocal binding could induce the formation of hemi-synapses in vitro (Dean et al., 2003; Graf et al., 2004; Scheiffele et al., 2000) , although whether neurexin-neuroligin interactions are required for synapse formation in mice in vivo has been disputed. While some evidence points to the contribution of neurexins and neuroligins to in vivo synapse formation at specific synapses (Banovic et al., 2010; Chen et al., 2017 Chen et al., , 2012 Li et al., 2007; Liang et al., 2015; Stogsdill et al., 2017; Sun et al., 2011) , other studies have concluded that their requirement is limited to synapse maturation or function (Missler et al., 2003; Varoqueaux et al., 2006) . Recent studies have attempted to explain these conflicting results either by suggesting that the ratio rather than the absolute presence or absence of these proteins is important or by showing that their roles are synapse specific (Chen et al., 2017) . More clarity on precisely how neurexin and neuroligin are required for synapse assembly might help reconcile these findings.
Mammalian neurexins are encoded by three genes and expressed as a-, b-, and the recently identified yet largely uncharacterized g-neurexin (Sterky et al., 2017; Ushkaryov and S€ udhof, 1993; Ushkaryov et al., 1992 Ushkaryov et al., , 1994 Yan et al., 2015) . a-neurexins contain extracellular laminin and EGF-like repeats. b-neurexins are extracellularly truncated versions of a-neurexin that still include the neuroligin binding site, while g-neurexins are truncated even further and lack all structured extracellular domains (A) Schematic of the DA9 excitatory motor neuron, which forms presynapses along a portion of its axon in the tail of the worm. (The neighboring VA12 motor neuron also expresses the Pmig-13 promoter used in these studies.)
(legend continued on next page) (Sterky et al., 2017; Yan et al., 2015) . The functions of various neurexin isoforms appear to be cell and synapse specific, as different phenotypes can be obtained in different brain regions from manipulation of the same neurexin subtype (Aoto et al., 2015) . Conditional triple knock outs that ablate expression of all a-and b-neurexins revealed dramatic differences in the functions of neurexin at different synapses, with some neurons exhibiting a dramatic decrease in synapse number while others displayed defects in synapse function or presynaptic calcium influx without affecting synapse number (Chen et al., 2017) . Importantly, g-neurexin was present in the a-and b-neurexin conditional knockouts, complicating the interpretation of these phenotypes and leaving the role of g-neurexin completely uncharacterized.
In C. elegans, a single neurexin gene (nrx-1) encodes long (a) and short (g) isoforms that are expressed in the nervous system and localize to synapses (Haklai-Topper et al., 2011) . The worm thus provides an excellent opportunity to dissect the contribution of each neurexin isoform in the context of a well-described nervous system. At inhibitory motor neuron synapses, presynaptic a-neurexin contributes to the neuroligin-dependent postsynaptic organization of GABA receptors (Maro et al., 2015; Tong et al., 2015) , but how C. elegans a-or g-neurexin functions in presynaptic assembly is not known. Indeed, while the canonical role for neurexin is the induction of postsynaptic assembly through trans-synaptic interactions (for example by binding neuroligin), how neurexin cell-autonomously mediates presynaptic assembly and function is less clear.
The many molecules implicated in synaptic induction and their relatively weak loss-of-function phenotypes suggests that synapse formation in vivo is likely to be mediated by parallel pathways. Even in the absence of the single Drosophila or C. elegans neurexin (Li et al., 2007; Maro et al., 2015) , synapses still form. This suggests that there exist other molecules that function to induce presynaptic assembly. What other signaling molecules work in parallel with neurexin at a given synapse is unknown.
Here we demonstrate a novel role for C. elegans g-neurexin in presynaptic assembly, independent of neuroligin. This short form of neurexin is necessary and sufficient to promote normal presynaptic development by clustering active zone proteins, synaptic vesicles, and calcium channels at sites of release. Loss of g-but not a-neurexin leads to a reduction in evoked synaptic transmission. Moreover, we identify a parallel pathway for presynaptic assembly mediated by the Frizzled receptor and show that Frizzled's pro-synaptogenic function is independent of its ligand, Wnt. In fact, Wnt binding serves to abrogate Frizzled's function by promoting its endocytosis, a process which also leads to the downregulation of neurexin within the asynaptic domain. These two unconventional synaptogenic pathways together mediate the large majority of synapse formation events in the C. elegans DA9 excitatory motor neuron.
RESULTS
Neurexin Is Required for Presynaptic Assembly Independent of Neuroligin C. elegans contains a single neurexin gene, nrx-1. It has previously been implicated in tuning synaptic strength as part of a retrograde signal (Hu et al., 2012; Tong et al., 2017) and in clustering postsynaptic GABA receptors at inhibitory synapses (Maro et al., 2015; Tong et al., 2015) , both in conjunction with its canonical binding partner neuroligin. To understand whether nrx-1 plays a role in presynaptic development, we analyzed synapses in the DA9 excitatory motor neuron found in the tail of the worm.
DA9's cell body and dendrite reside in the ventral cord, and its axon extends across to the dorsal side, where it elongates and forms synapses in a specific and stereotyped region ( Figure 1A ). Using a promoter specific for DA9 and its neighbor VA12 (whose axon remains on the ventral side), we can visualize the DA9 axon and synapses in the dorsal nerve cord with single-cell specificity. DA9 forms a row of en passant synapses along its axon. At each presynaptic bouton, active zones are marked by Clarinet-1 (CLA-1), a piccolo/bassoon-like protein that is involved in synaptic vesicle release (Xuan et al., 2017) . Like other active zone proteins, it localizes to a discrete region at the ventral tip of the presynaptic varicosity where the axon is juxtaposed to postsynaptic cells ( Figure 1B and Xuan et al., 2017) . The synaptic vesicle-associated protein RAB-3 localizes to vesicle clusters and is more broadly distributed within the presynaptic bouton than CLA-1 ( Figure 1B ). Other than their size difference, puncta marked by these two proteins colocalize well at wild-type synapses ( Figure 1B' ). Both proteins are only localized to the synaptic domain and form a highly stereotyped pattern in DA9.
We found that in nrx-1 mutants, the pattern of synaptic proteins was disrupted. The number of active zones (marked by CLA-1::GFP) was reduced (Figures 1C and 1E) , and small, asynaptic vesicle accumulations (marked by RAB-3::tdTomato) that did not colocalize with CLA-1 appeared throughout the length of the axon ( Figures 1C and 1F ). Both phenotypes could be fully rescued by expression of full-length NRX-1 cDNA presynaptically under a DA9-specific promoter, indicating that the requirement for NRX-1 is cell-autonomous ( Figures 1E, 1F , and Figure S1 related to Figure 1 ).
To determine whether the reduced number of CLA-1 puncta in DA9 was indicative of a more general defect in synapse assembly at other synapses, we analyzed the intensity of two endogenously tagged active zone proteins, CLA-1 and SYD-2/Liprin-a, (B-D) Wild-type (B), neurexin null mutant (wy1155) (C), and neuroligin null mutant (wy1190) (D) worms expressing the active zone marker clarinet (CLA-1::GFP) and the synaptic vesicle marker RAB-3::tdTomato in DA9 (and VA12) from the wyIs685 transgene. Insets are of straightened DA9 axons beginning from the cell body (marked with an asterisk). Note the reduced size of the synaptic domain (marked by a red line) and the increased number of asynaptic vesicle accumulations (marked by red arrowheads) in neurexin mutants (C). Scale bars, 5 mm. (E) Quantification of synapse number (as defined by CLA-1 puncta number). (F) Quantification of the number of very small RAB-3 puncta (less than 5% the peak intensity of the largest puncta). For (E) and (F), sample size = number of worms (the same worms, expressing both markers, were quantified) and is indicated on bars; statistical significance (ANOVA with Sidak correction) is compared to wild-type. Figure 2 . The Short g-Neurexin Isoform Is Sufficient for Presynaptic Assembly (A) C. elegans neurexin-1 gene structure, showing the long a-nrx (nrx-1a) and short g-nrx (nrx-1 m) isoforms. Regions deleted in alleles used in this study are marked below. The a-and g-NRX predicted proteins are shown on the right: orange ovals indicate LNS repeats (including the sixth LNS repeat that binds neuroligin in mammals), yellow circles indicate EGF repeats.
(B and C) The Da-neurexin-specific deletion allele (nu485) (B), and the null neurexin allele (wy1155) rescued with presynaptic g-neurexin (wyEx9637) (C), expressing the active zone marker clarinet (CLA-1::GFP) and the synaptic vesicle marker RAB-3::tdTomato in DA9 (wyIs685). Synaptic domain size (marked by a red line) is normal (compare to Figure 1B ). Insets are of straightened DA9 axons beginning from the cell body (marked with an asterisk). Scale bars, 5 mm.
(legend continued on next page) within the nerve ring ( Figure S2 related to Figure 1 ). The C. elegans nerve ring comprises synapses of many head motor, sensory, and interneurons. We measured the total intensity of the nerve ring as a proxy for synapse number and found that in nrx-1(null) mutants there was a dramatic decrease in total nerve ring intensity measured with either marker, indicating a broad role for NRX-1 in synapse assembly.
To determine whether the extra-synaptic RAB-3 puncta were a consequence of defective/reduced transport or, alternatively, defective synaptic capture, we performed live imaging of RAB-3::GFP in the dorsal asynaptic axonal region of DA9 (Figure S3 related to Figure 1 ). In addition to the brighter clusters apparent from the static images, we could also detect individual RAB-3 transport packets moving along the axon. We found that the total frequency of movements is actually higher in nrx-1(null) mutants (in both the anterograde and retrograde directions), and the speeds are unchanged (data not shown), indicating that the synaptic defects are not due to reduced axonal transport. Indeed, even the brighter clusters can be seen to move sporadically (arrows). The loss of synaptic puncta and increased axonal mobile puncta are similar to the phenotype of presynaptic assembly mutants such as syd-2/liprin-a (Wu et al., 2013) . We hypothesize that a defect in the ability of these cargoes to be captured at synaptic sites may be the cause of their ectopic accumulations.
C. elegans contains a single gene for neurexin's canonical ligand, neuroligin (NLG-1). To determine whether neurexin's effect on presynaptic assembly was mediated by binding to neuroligin, we analyzed synapses in nlg-1 mutants. nlg-1 mutants did not exhibit defects in presynaptic assembly (Figures 1D, 1E, and 1F) , indicating that the function of NRX-1 in presynaptic assembly was independent of NLG-1 binding.
The Short g-Neurexin Isoform Is Sufficient to Drive Presynaptic Assembly Vertebrate neurexins are encoded by multiple genes and fall into three categories: full-length a-neurexin (Ushkaryov et al., 1992) , which contains 6 laminin-like LNS domains interleaved with 3 EGF repeats (Figure 2A ), a shorter b-neurexin (Ushkaryov et al., 1994) that only contains the sixth LNS domain (to which neuroligin binds), and a recently described even shorter g-neurexin (Sterky et al., 2017; Yan et al., 2015) , which does not contain any of the LNS/EGF domains. The single C. elegans nrx-1 gene encodes long isoforms homologous to a-neurexin, and short isoforms with homology to g-neurexin ( Figure 2A ). To determine which isoforms of neurexin mediate presynaptic assembly, we made use of several large deletions of the nrx-1 genomic region (Figure 2A ). The nu485 (''Da'') allele specifically deletes only the a-neurexin isoforms (including all the LNS/EGF repeats). The wy778(''Dag'') allele is a complementary deletion that covers the common C terminus of the two isoform classes (including the transmembrane and intracellular domains) and deletes the entire g-neurexin region. To be certain that we were completely abrogating neurexin function, we generated a third allele by CRISPR, wy1155(''null'') , which is a deletion of the entire nrx-1 open reading frame.
Both the wy1155 (null) and the wy778(Dag) alleles showed indistinguishable presynaptic assembly phenotypes in DA9 (Figure 2D) . To our surprise, the a-neurexin-specific deletion allele nu485(Da), in which only g-neurexin remains, did not exhibit presynaptic assembly defects ( Figures 2B and 2D ). We verified that g-neurexin expression was not dramatically upregulated in these mutants, using RT-PCR ( Figure S4 related to Figure 2 ). To further establish that g-neurexin was sufficient for presynaptic assembly, we isolated a g-neurexin cDNA (the nrx-1 m transcript in wormbase.org) from a whole-worm cDNA library and expressed it under the DA9-specific promoter in the nrx-1(null) mutant background. We found that presynaptic assembly was fully rescued, similar to the effect of expressing a-neurexin (Figure 2D) . In fact, this level of overexpression of g-neurexin led to the formation of even more CLA-1 puncta than in wild-type ( Figures 2C and 2D ), confirming that the region of the neurexin protein encoded by g-neurexin is sufficient to drive presynaptic assembly.
To investigate the subcellular and sub-synaptic localization of NRX-1, we tagged both a-and g-neurexin cDNAs with a GFP inserted just upstream of the C-terminal PDZ-binding domain (putting the GFP directly at the C terminus led to diffuse expression through the neuron, indicating that the PDZ-binding domain may be important for mediating NRX-1 localization) and compared their expression patterns to that of RAB-3. Both NRX-1 isoforms localized specifically to synapses in DA9 and accumulated at the ventral tip of the presynaptic varicosity, where active zone proteins reside ( Figures 2E and 2G) . These results confirm that NRX-1 is a presynaptically localized protein.
To determine whether the localization of a-neurexin, which has a putative neuroligin binding domain, is dependent on neuroligin binding, we crossed our a-neurexin::GFP strain into nlg-1 mutants. We could not detect any differences in a-neurexin localization in nlg-1 mutants ( Figure 2F ), indicating that neuroligin is not required for either the synaptic or subsynaptic distribution pattern of NRX-1.
Presynaptic Calcium Channel Clusters Require g-NRX-1
In addition to its role in synapse assembly, neurexin has also been shown to play a role in calcium channel function and calcium-dependent synaptic vesicle release in vivo (Chen et al., 2017; Li et al., 2007; Missler et al., 2003) . Recently, neurexin was shown to bind the a2d-3 subunit of calcium channels and to reduce CaV2.2 currents in vitro (Tong et al., 2017) , but a direct role for neurexin in localizing calcium channels in vivo has not been demonstrated.
(D) Quantification of synapse number (as defined by CLA-1 puncta number). Sample size (number of worms) is indicated on bars. Statistical significance (ANOVA with Sidak correction) is compared to wild-type. (E) a-nrx::GFP (wyEx9588) expressed in DA9 localizes to synapses (marked by RAB-3) and is concentrated at the active zone, at the ventral tip of the presynaptic varicosity. (F) a-nrx::GFP localization is unchanged in neuroligin mutants. (G) g-nrx::GFP (wyEx9639) expressed in wild-type DA9 localizes to the same synaptic regions as a-nrx::GFP. Scale bars, 5 mm. In C. elegans the presynaptic CaV2-type calcium channel, encoded by the unc-2 gene, is required for normal synaptic transmission (Richmond et al., 2001) . To localize the CaV2 calcium channel, we inserted a HALO tag Peterson and Kwon, 2012) into the first intracellular loop of UNC-2 in the endogenous locus using CRISPR. Endogenously tagging UNC-2 in this manner did not disrupt its function, as worms incorporating this tag exhibited wild-type locomotion, while unc-2 mutant worms display defects in locomotion ( Figure S5 related to Figure 3 ). We labeled the protein in living animals using a membrane-permeable dye that is a covalent substrate of the HALO tag . To localize neurexin at synapses, we inserted the photoswitchable fluorescent protein Skylan-S into the endogenous nrx-1 locus by CRISPR, just upstream of the C-terminal PDZ-binding domain. Skylan-S did not disrupt NRX-1 function, since presynaptic assembly assessed in DA9 was wild-type ( Figure S5 related to Figure 3 ). We performed dual-color super-resolution localization microscopy of endogenous neurexin and CaV2/UNC-2. In wild-type worms, NRX-1 and CaV2 were colocalized at synapses in the dorsal cord of the worm ( Figures 3A and 3D ). The degree of colocalization between NRX-1 and CaV2 was higher than between another active zone protein, RIM-binding protein (RIMB-1), and CaV2 ( Figures 3B and 3D ), suggesting a potential functional interaction between NRX-1 and calcium channels.
NRX-1::Skylan
To determine whether NRX-1 is required for localization of calcium channels, we examined CaV2 localization in nrx-1 mutants. In the absence of NRX-1, we used RIMB-1 to mark active zones.
In nrx-1 null mutants, CaV2 channels were greatly reduced at active zones ( Figures 3C and 3E ). Both CaV2 cluster number ( Figure 3F ) and cluster size ( Figure 3G ) were reduced in nrx-1 null mutants, which led to a reduction in colocalization between CaV2 and RIMB-1 ( Figure 3E ). Decreases in CaV2 were only observed in the null and Dag alleles. Specific loss of a-neurexin (Da allele) did not affect calcium channel expression levels or clustering ( Figures 3E-3G ), indicating that the g-isoform of neurexin is sufficient for mediating proper calcium channel clustering.
g-Neurexin Is Required for Normal Evoked Neurotransmission
The disruption of calcium channel clustering in nrx-1 mutants suggested that synaptic transmission might be impaired. To test this, we used patch-clamp electrophysiology to record from the postsynaptic muscle cells of wild-type and nrx-1 mutant worms. As expected, we found that the amplitudes of the evoked excitatory postsynaptic currents (eEPSCs) were significantly reduced in both the nrx-1(null) and nrx-1(Dag) alleles (Figures 4A and 4B) . By contrast, and in agreement with previous reports (Hu et al., 2012; Tong et al., 2017) , the eEPSC amplitudes remained unchanged in the nrx-1(Da) allele ( Figures 4A and 4B ). Consistent with a presynaptic role of g-NRX-1, miniature current amplitudes were normal, indicating that postsynaptic receptors were likely fully functional and appropriately clustered ( Figures  4C and 4D) . Finally, the frequency of miniature currents was relatively normal in nrx-1 mutants ( Figures 4C and 4E ). This may be due to the fact that these currents reflect vesicle release from all types of motor neurons, while neurexin may play a larger role in synapse assembly at some neurons than in others. Alternatively, a reduction in synapse number may be compensated for by an increase in the frequency of spontaneous release at the remaining synapses.
To better understand how disrupted calcium channel localization in nrx-1(null) mutants affects release we measured evoked release in the presence of EGTA-AM, a cell-permeable slow Ca 2+ chelator ( Figure S6 related to Figure 4 ). We found that EGTA did not inhibit the residual evoked response in nrx-1(null) mutants, suggesting that neurexin preferentially regulates synaptic vesicles that are EGTA sensitive, and perhaps farther away from the calcium source.
Neurexin and Frizzled Function in Parallel to Promote Synapse Assembly Since many DA9 synapses remain in nrx-1 null mutants (Figure 1C ), we reasoned that there must be additional pathways for presynaptic assembly. To uncover any parallel pathways, we created double mutants between nrx-1(null) and other synapse-related genes and looked for enhanced synaptic phenotypes. We found that the seven-pass transmembrane receptor Frizzled (Fz)/LIN-17 was required for formation of the remaining synapses in nrx-1 mutants. Fz/Lin-17 single mutants had normal active zone numbers in DA9 (Figures 5A, 5B, and 5E), although they did occasionally exhibit small ectopic RAB-3 puncta throughout the axon similar to nrx-1 mutants (data not shown). When combined with nrx-1(null), however, the resulting double mutants had a dramatic reduction in active zone number, with many worms having no or almost no remaining synapses ( Figures 5C and 5E ). Two different alleles of Fz/lin-17 mutants showed the same enhancement of synapse loss (Figure 5E ). Although Fz/LIN-17 is known to function postsynaptically to cluster acetylcholine receptors in the muscle (Jensen et al., 2012) , the defect in presynaptic assembly was due to a (B and C) SMLM images of CaV2 calcium channels (unc-2(ox672)) and the active zone protein RIMB-1(ox704), in wild-type (B) and nrx-1(wy1155) null mutants (C). Scale bar, 1 mm. (D) Pearson's correlation coefficients indicate that NRX-1 colocalization with CaV2 is higher than RIMB-1 colocalization with CaV2. RIMB-1 versus CaV2, n = 23 images (from 6 worms); NRX-1 versus CaV2, n = 19 images (from 7 worms). Statistical significance determined by Student's t test.
(E) RIMB-1 colocalization with CaV2 is decreased in the nrx-1 null allele (wy1155) and in the Dag allele (wy778) but not in the Da-specific allele (nu485). (F and G) CaV2 channel cluster number per micron (F) and cluster volume (G) is reduced in the nrx-1 null allele (wy1155) and in the Dag allele (wy778) but not in the Da-specific allele (nu485). For (E) and (F), n = number of images and are as follows: wild-type n = 28 (from 7 worms); nrx-1(null) n = 17 (from 3 worms); nrx-1(Dag) n = 13 (from 7 worms); nrx-1(Da) n = 18 (from 7 worms). For (G), n = number of clusters, with thresholds set to detect one cluster per synapse in wild-type, and are as follows: wild-type n = 597 (from 7 worms); nrx-1(null) n = 233 (from 3 worms); nrx-1(Dag) n = 71 (from 7 worms); nrx-1(Da) n = 333 (from 7 worms). Statistical significance (ANOVA with Sidak correction in E and Kruskal-Wallis ANOVA in F and G) is compared to wild-type. cell-autonomous role for Fz/LIN-17 since it could be fully rescued (back to nrx-1(null) single mutant levels) by expression of Fz/LIN-17 specifically in DA9 ( Figures 5D and 5E ).
The dramatic loss of CLA-1 puncta in nrx-1;Fz/lin-17 double mutants was accompanied by a loss of normal-sized presynaptic varicosities and RAB-3 clusters ( Figure S7A and S7B related to Figure 5 ). To test whether other active zone proteins were disrupted we analyzed worms expressing the active zone protein Liprin-a/SYD-2 endogenously tagged with GFP. In the posterior dorsal cord, where DA9 synapses normally form, both the number and intensity of SYD-2::GFP puncta were reduced (Figures S7C-S7F related to Figure 5 ), suggesting a general disruption in active zone assembly.
To determine whether the loss of synapses in nrx-1;Fz/lin-17 double mutants had functional repercussions, we utilized an optogenetic behavioral assay to probe DA9-specific functional connectivity. The DA9 motor neuron is required for activation of the dorsal tail muscles, which when contracted lead to a dorsal tail bend. Expression of the red-shifted ChannelRhodopsin Chrimson (Klapoetke et al., 2014; Schild and Glauser, 2015) specifically in DA9 allows for temporally precise DA9 activation along with visual analysis of dorsal tail bending in freely moving worms (Ding and Hammarlund, 2018) . Wild-type worms exhibit a highly synchronized and stereotyped dorsal tail bend upon green-light activation of DA9 Chrimson ( Figure 6A ). In contrast, nrx-1;Fz/lin-17 double mutants exhibited a weaker, more variable, unsynchronized, and at times completely absent response ( Figure 6B ), demonstrating that double mutants were more severely deficient in tail bending than either single mutant (Figures 6C and 6D ). Together these data demonstrate that the loss of presynaptic specializations in nrx-1;Fz/lin-17 double mutants leads to a reduction in functional connectivity.
To precisely understand the contribution of NRX-1 and Fz/ LIN-17 to presynaptic release, we recorded evoked responses from ventral body wall muscles ( Figures 6E and 6F) . Fz/LIN-17 has been shown to be required for postsynaptic acetylcholine receptor clustering in these muscles (Jensen et al., 2012) . To investigate the presynaptic function of Fz/LIN-17, we made use of a transgene that selectively expresses lin-17 in muscles and rescues Fz/lin-17 postsynaptically. In agreement with published results from these synapses (Jensen et al., 2012) , we found that evoked responses in Fz/lin-17 single mutants were dramatically reduced compared to wild-type, and this defect could be largely and 6F). In contrast, nrx-1;Fz/lin-17 double mutants, which also exhibited reduced eEPSC responses, could not be rescued with postsynaptic Fz/LIN-17 ( Figures 6E and 6F) , revealing a presynaptic role of Fz/LIN-17 in the absence of NRX-1. Thus, comparing the elimination of either neurexin ( Figure 6F , second bar), or presynaptic Frizzled ( Figure 6F , fourth bar), with the elimination of both neurexin and presynaptic Frizzled together (Figure 6F , last bar) reveals a more severe deficit in the absence of both presynaptic proteins. Together, these data show that LIN-17 and NRX-1 act in parallel to regulate the formation and activity of presynaptic compartments.
Frizzled is known to signal through several downstream pathways (Li et al., 2005; Wang et al., 2016) . To determine whether any of the known signaling pathways were involved in presynaptic assembly, we assessed mutants for several other genes (Dishevelled, dsh-1; Ryk, lin-18; Ror, cam-1; Celsr/Flamingo, fmi-1; Van Gogh, vang-1), both singly and in conjunction with nrx-1 null mutations. None of the genes investigated generated a phenotype comparable to the nrx-1;Fz/lin-17 double mutants (data not shown), suggesting that Frizzled's role in presynaptic assembly might be mediated by an as yet unidentified downstream signaling pathway.
Frizzled Ligand Wnt/LIN-44 Antagonizes Neurexin-and Frizzled-Mediated Presynaptic Assembly The Frizzled receptor, a member of the G-protein coupled receptor (GPCR) family, is commonly activated by the binding of its ligand, Wnt (Wodarz and Nusse, 1998;  Figure 7A ). In DA9, however, Wnt mediates synapse elimination (Klassen and Shen, 2007) . The Wnt LIN-44 is secreted by non-neuronal cells in the tail ( Figure 7B ) and sets the posterior boundary of the DA9 synaptic domain by inhibiting synapse formation in the most posterior region of the axon. In Wnt/lin-44 mutants, synapses form in the dorsal asynaptic region (red bar in Figure 7C ) of the DA9 axon ( Figures 7C and 7D) .
A careful analysis of nrx-1(null) mutants revealed a spatial dimension to the loss of synapses, with a specific reduction in the posterior half of the synaptic domain (compare red boxed region in Figures 7E and 7F , quantified in 7D). This defect could be fully rescued by expression of presynaptic g-neurexin ( Figure 7D) and was also apparent for other active zone proteins such as endogenously tagged SYD-2/Liprin-a ( Figure S8 related to Figure 7) . We wondered whether the loss of posterior synapses in nrx-1 mutants was due to Wntmediated synapse elimination. To test this, we analyzed nrx-1;Wnt/lin-44 double mutants. Indeed, we found that loss of Wnt/LIN-44 completely suppressed the loss of posterior synapses in nrx-1 mutants (Figures 7D and 7G) . This doublemutant phenotype is in stark contrast to the enhanced synapse loss in nrx-1;Fz/lin-17 double mutants ( Figure 5C ). nrx-1;Fz/lin-17;Wnt/lin-44 triple mutants were indistinguishable from nrx-1;Fz/lin-17 double mutants (data not shown), indicating that Frizzled signaling is downstream of Wnt. Moreover, overex-pression of Fz/LIN-17 could rescue the loss of posterior synapses in nrx-1 mutants ( Figures 7D and 7H) , indicating that increased levels of Frizzled receptor can compensate for the loss of neurexin. Together these data suggest that in the absence of neurexin-dependent synapse stabilization, Wntmediated synapse elimination can overwhelm Frizzled-mediated synapse assembly. Insets are of straightened DA9 axons beginning from the start of the commissure (marked with an asterisk). Scale bar, 5 mm.
(legend continued on next page)
Wnt Induces Frizzled Endocytosis
The discovery that Frizzled promotes synapse assembly seemed to be in apparent conflict with the fact that its ligand Wnt functions via Frizzled to eliminate synapses (Klassen and Shen, 2007) . It suggested that Wnt binding to Frizzled might act to shut down Frizzled's otherwise pro-synaptogenic function. If this were true, we would predict that Wnt binding might lead to the removal of Fz from the cell surface (since GPCR signaling is often downregulated through ligand-binding mediated endocytosis), and second that Frizzled's pro-synaptogenic function should be independent of Wnt binding. When expressed in DA9, YFP-tagged Fz/LIN-17 exhibits a striking localization pattern: most of the signal is found in intracellular vesicle-like puncta located exclusively to the posterior asynaptic domain, while the synaptic domain contains only a barely detectable diffuse component ( Figure 8A and Klassen and Shen, 2007) . This localization pattern is dependent on Wnt binding, as in Wnt/lin-44 mutants, the asynaptic Fz/LIN-17::YFP vesicles are absent and the diffuse component is much brighter (Figure 8B and Klassen and Shen, 2007) .
The Fz/LIN-17-containing vesicles could either be secretory vesicles, destined for the cell surface, or endocytic vesicles, recovered from the cell surface. To differentiate between these two possibilities, we devised a strategy that would allow us to determine whether the Fz receptor located within the vesicle had ever resided on the cell surface. We swapped the Fz C terminus YFP tag for a red mRuby tag and then added a small GFP nanobody sequence (Ryckaert et al., 2010) to a flexible region just downstream of the Wnt-binding CRD domain ( Figure 8E) . We then expressed a secreted form of GFP from muscle cells, which could bind the Fz nanobody if the receptor were ever located on the cell surface. We found that all the Fz-containing vesicles were both red and green ( Figure 8C ), indicating that these were indeed endocytosed receptors. We saw no punctate intracellular GFP signal in worms expressing muscle secreted GFP and Fz/LIN-17::mRuby without the extracellular GFP nanobody ( Figure 8D) , indicating that the GFP signal was specific to interaction with the nanobody.
If Wnt binding turns off Fz-mediated presynaptic assembly by causing its endocytosis, then Fz's pro-synaptogenic function might be independent of Wnt binding. To test this we expressed a version of Fz/LIN-17 lacking the Wnt-binding CRD domain (Figure 8F ) in nrx-1;Fz/lin-17 double mutants. We found that Fz/LIN-17DCRD could fully rescue the double mutants back to the nrx-1 single-mutant synapse number ( Figure 8G ). Together these data support a model in which Frizzled promotes synapse assembly independent of Wnt binding, while Wnt functions to eliminate synapses by inducing the endocytosis of Frizzled.
To better understand how Wnt and Frizzled impact neurexin, we assessed g-NRX localization in Wnt/lin-44 and Fz/lin-17 mutant backgrounds ( Figures 8H-8J ). In the absence of either Wnt/LIN-44 or Fz/LIN-17, g-NRX still clustered normally at active zones (underscoring its parallel role to Frizzled), but synapses containing g-NRX clusters now formed in the asynaptic domain (marked by a red line above Figure 8H ), indicating that g-NRX elimination from the asynaptic domain in DA9 is dependent on Wnt-mediated Frizzled endocytosis. Together these data support a model in which neurexin and Frizzled mediate parallel pathways for synapse formation within the synaptic domain but are jointly modulated by Wnt-mediated synapse elimination in the asynaptic domain.
DISCUSSION
The cell-autonomous function of cell adhesion molecules and other transmembrane receptors in presynaptic assembly in vivo is largely enigmatic. Here we describe an in vivo role for the newly identified gene product g-neurexin and demonstrate that it is both necessary and sufficient for presynaptic assembly in excitatory motor neurons. Neurexin null mutants, but not a-neurexinspecific deletion alleles, exhibit defects in active zone assembly, synaptic vesicle recruitment, and calcium channel clustering. As a result, evoked synaptic transmission is impaired. However, many synapses still remain, suggesting the presence of parallel synapse assembly pathways. Indeed, we find that neurexin and the Wnt receptor Frizzled act in parallel to promote presynaptic assembly: in double mutants, synapses are dramatically reduced, and the function of this motor circuit is severely perturbed. This pro-synaptogenic function of Frizzled is Wnt-independent and is in contrast to the synapse-eliminating function of Wnt itself. We demonstrate that in the asynaptic domain, Wnt causes the endocytosis of Frizzled, a process that presumably both abrogates Frizzled's own synapse assembly function and also serves to downregulate neurexin. Together these data reveal how multiple signaling pathways converge on the process of synapse assembly, and how both positive and negative regulators contribute to sculpting a functional synaptic circuit.
g-Neurexin Plays an Important Role In Vivo
The presence of an additional alternative start site for a novel, short isoform of neurexin was first predicted computationally, using comprehensive analysis of deep RNA sequencing data of mouse cortex (Yan et al., 2015) . The prediction was validated by the discovery that a mouse containing an HA tag knocked in just before the transmembrane domain produced a short neurexin protein that corresponded in size to the (C) Worms expressing GFP secreted from the muscle and Fz/LIN-17 in DA9 tagged with a GFP nanobody on the extracellular side and mRuby on the intracellular side. (D) Worms expressing GFP secreted from the muscle and Fz/LIN-17::mRuby in DA9. Dashed circle indicates secreted GFP accumulating in the coelemocyte scavenger cells. Insets are of straightened DA9 axons beginning from the start of the commissure (marked with an asterisk). Scale bar, 5 mm. predicted g-isoform (Sterky et al., 2017) . This short isoform was shown to be expressed differentially in various brain regions, and to be dynamically regulated during development, suggestive of a specific developmental function (Sterky et al., 2017) . However, what specific role this isoform played in synaptic development remained unknown. Intriguingly, mouse mutants in which all a-and b-neurexins were deleted by conditional excision of their start sites still exhibited significant synapse assembly and function, although the extent was dependent on the specific brain region and cell type (Chen et al., 2017) . Together these results raised the possibility that g-neurexin may be sufficient for many aspects of presynaptic assembly.
In cultured neurons, neurexin clustering has been shown to induce the recruitment of synaptic vesicles (Dean et al., 2003) . The intracellular C-terminal PDZ-binding domain of neurexin binds the synaptic vesicle protein synaptotagmin as well as the scaffolding proteins Cask and Mint S€ udhof, 2000, 2001; Hata et al., 1996; Mukherjee et al., 2008; Sun et al., 2009) . Drosophila neurexin has been shown to interact with the active zone protein SYD-1 (Owald et al., 2012) as well as the actin binding protein spinophilin (Muhammad et al., 2015) . Our results now show that g-neurexin is sufficient to mediate intracellular interactions required for properly clustering active zone proteins, synaptic vesicles, and calcium channels in vivo.
The extracellular domain of mammalian g-neurexin consists of a short region containing an O-linked sugar modification sequence and a short cysteine-loop domain. This region has been shown to bind C1q-like proteins (Matsuda et al., 2016) and to be a binding site within the secretory pathway for chaperone proteins of the carbonic anhydrase family (Sterky et al., 2017) . Since C. elegans lack homologs for C1q, additional proteins may exist that act as extracellular ligands for this short isoform of neurexin.
Alternatively, g-neurexin may function purely as a presynaptic organizer, independent of extracellular activation. This is in contrast to a-neurexin, which functions in these same neurons to trans-synaptically recruit and cluster postsynaptic receptors (Philbrook et al., 2018) . The segregation of pre-versus postsynaptic functions of g-and a-neurexin, respectively, may allow neurons to tightly regulate the expression of synaptic partner specificity genes such as a-neurexin, without losing the presynaptic assembly functions of their intracellular domains.
Parallel Pathways Mediate Presynapse Assembly
The severity of the phenotype in nrx-1;Fz/lin-17 double mutants underscores the importance of these two proteins for synapse assembly in this neuron. Very few mutations have been found, to date, that can lead to the complete loss of presynapses (i.e., concomitant active zone protein and synaptic vesicle accumulations), with the exception of mutations in motors that transport synaptic material (Hall and Hedgecock, 1991) . Among the most severe synapse assembly mutants described in C. elegans are those of the active zone protein SYD-2/ Liprin-a (Zhen and Jin, 1999 ), yet many synapses still form in those mutants. Abrogating synapse formation completely may thus require eliminating all parallel pathways functioning in a given neuron.
Synapse Elimination Is Achieved via Endocytosis of Prosynaptogenic Proteins
It is increasingly clear that synaptic circuits are sculpted by a plethora of both pro-and anti-synaptogenic cues. Synaptic adhesion molecules such as neurexin were thought to initiate this process by binding their synaptic partners, while proteins secreted by non-neuronal cells, such as Wnts or astrocytesecreted SPARC in vertebrates (Kucukdereli et al., 2011) , have been shown to antagonize synapse formation. However, exactly how positive and negative regulators of synapse assembly work in conjunction to sculpt a specific circuit in vivo is less clear.
Many studies have now implicated the Wnt signaling pathway in synaptogenesis (Dickins and Salinas, 2013; Rosso and Inestrosa, 2013) , as both a positive and negative regulator (Park and Shen, 2012) . In fact, it has been proposed that its ability to both positively and negatively regulate synapse formation might be attributed to whether the canonical or non-canonical signaling pathway is activated (Davis et al., 2008) . Our data suggest that Wnt and Frizzled can act antagonistically and thereby either inhibit or stimulate synapse formation. These data provide the first evidence that Wnt binding may serve to downregulate rather than activate Frizzled signaling in synaptogenesis. Moreover, the fact that mutants for other proteins known to be downstream of Wnt-mediated Frizzled signaling did not have a severe effect on synapse assembly suggests the Fz may signal through an as yet unidentified pathway.
Wnt binding is known to promote Frizzled's endocytosis (Blitzer and Nusse, 2006) , however this has been shown to result in activation rather than inhibition of signaling. In C. elegans, Wntmediated Frizzled endocytosis leads to the destabilization of neurexin, as exclusion of NRX-1 from the asynaptic domain is dependent on both Wnt and Frizzled ( Figures 8H-8J) , and synapses generated by the overexpression of neurexin in the presence of Wnt do not form in the asynaptic zone ( Figure 7D ). Thus, in regions where Wnt is not present, either g-neurexin or Frizzled can act redundantly to organize presynaptic assembly. By contrast, in asynaptic regions, Wnt binding to Frizzled causes its endocytosis and the elimination of both Frizzled and g-neurexin, precisely removing both proteins capable of organizing synapse assembly.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains and genetics
Worms were raised on NGM plates at 20 C using OP50 Escherichia coli as a food source. Transgenic animals were prepared by microinjection. Unless otherwise noted, animals were analyzed at the L4 larval stage. A full strain list is included in the Key Resources table.
METHOD DETAILS
Molecular biology and transgenic lines
Expression clones were made in the pSM vector (Shen and Bargmann, 2003) . The plasmids were generated using standard techniques and transgenic strains were prepared by microinjection (using 1-5 ng/ml of plasmid DNA) and coinjected with markers Podr-1::RFP (100 ng/ml) or Podr-1::GFP (100 ng/ml).
Generation of deletion alleles by CRISPR/cas9
To create nrx-1, Fz/lin-17 and nlg-1 null alleles, we chose sgRNAs designed to delete the entire open reading frame. sgRNAs were injected at 30ng/ml along with Cas9 plasmid at 50ng/ml and F2 worms were screened by PCR. The resulting deletions are flanked by the following sequences:
nrx-1(wy1155): 5 0 : ttgcaacacctccctggtgt, 3 0 : tcaacggtgttcataagaag. nlg-1(wy1190): 5 0 : accatgtgatttatctaccc, 3 0 : tgaaatgtacacatccattg. Fz/lin-17(wy1204): 5 0 : ccaccacgaagttcataagt, 3 0 : atacatgcaaatggcgacga.
RT PCR
RNA from wild-type (N2 Bristol) and nrx-1(nu485) worms was prepared using Trizol (Sigma Aldrich). A cDNA library was created by reverse transcription using SuperScript III First-Strand Synthesis SuperMix (Invitrogen). PCR amplification was conducted in triplicate using primers against the C-terminal intracellular domain of nrx-1, as well as against the housekeeping gene eif-3.C (a translation initiation factor), for variable cycle durations to assess expression levels.
Generation of CaV2::HALO by CRISPR/cas9
CaV2 was tagged by CRISPR-mediated insertion of HALO coding DNA into the unc-2 endogenous genomic locus. A DNA mix containing 1) PCR-generated DNA repair template that includes the HALO tag with an embedded unc-119(+) cassette flanked by loxP sites and 33bp homology arms to the cut site (Lo et al., 2013) , 2) plasmid DNA that directs expression of Cas9 and an sgRNA (Schwartz and Jorgensen, 2016) , and 3) an inducible negative selection plasmid directing expression of a histamine-gated chloride channel in neurons, pNP403 (Pokala et al., 2014) was injected into the gonads of young adult EG6207[unc-119(ed3)] animals (Maduro and Pilgrim, 1995) . Transgenic animals were selected for expression of unc-119(+), and extrachromosomal-array bearing animals Patch pipettes (2-5 MU) were pulled using borosilicate glass and were fire polished. Extracellular solution contains (in mM) 150 NaCl, 5 KCl, 1 CaCl2, 5 MgCl2, 10 glucose and 10 HEPES, titrated to pH 7.3 with NaOH, 330 mOsm with sucrose. Internal solution contains 135 CH3O3SCs, 5 CsCl, 5 MgCl2, 5 EGTA, 0.25 CaCl2, 10 HEPES and 5 Na2ATP, adjusted to pH 7.2 using CsOH. For EGTA experiments, dissected worms were incubated in the external solution that contains 30 mM EGTA-AM for 10 minutes prior to electrophysiological recording. All chemicals were purchased from Sigma. Electrophysiological data were analyzed using Igor Pro 6 (Wavemetrics, OR) with custom-written software. Statistical analysis was performed using Igor Pro 6.
DA9 tail flip assay Worms expressing Chrimson in DA9 were cultured with OP50 containing 10 mM all-trans-retinal. One day old adult progeny were transferred to a fresh plate without bacteria before the behavior assay. The plate was then placed on a Leica M165FC stereo scope. A Basler acA2440 camera mounted on the scope controlled by WormLab software was used to record movies. Continuous light stimulation was generated by a Prior lumen 200 light box coupled with a Leica mCherry filter set. Light intensity was about 300 W/m 2 . Bright field illumination was kept at low intensity to avoid any non-specific stimulation of Chrimson. The tail bending behavior was later analyzed using the Wormlab software. In brief, the animal was detected by thresholding, and then the body midline was segmented evenly with 14 points. The angle between the last three points was calculated as the tail angle for each frame.
QUANTIFICATION AND STATISTICAL ANALYSIS
Confocal image puncta quantification Puncta number was quantified using a custom MATLAB (Mathworks, Natick MA) script to count and measure peaks above threshold from maximum intensity plot profiles of segmented line scans. The threshold was determined by analyzing a distribution of all peaks to identify the mean amplitude of the background signal, then setting the threshold to be a defined number of sigmas above that mean. Quantification and threshold determination was thus independent of any variability in background intensity due to fluctuations in laser power between imaging sessions. Since quantification was automated and unbiased it therefore did not require blinding. For SYD-2::GFP analyses, a low signal-to-noise ratio and variable background intensity required the addition of a dynamic baselining algorithm that fit a smoothing spline to the background signal before thresholding.
Statistical analysis
Quantitation and statistical details can be found in the figure legends or Method Details section. Unless otherwise indicated, sample size refers to the number of worms, and is indicated on the bars of each graph. All data are reported as mean ± SEM. Data was tested for normalcy and statistical significance between means was calculated using one-way ANOVA with Tukey's post hoc analysis (for comparisons to wild-type control), Dunnett's post hoc analysis (for comparisons within all groups) or Kruskal-Wallis test (for nonparametric data), as indicated in figure legends. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
